High-frequency cortical activity in humans and animals has been linked to a wide variety of higher cognitive processes. This research suggests that specific changes in neuronal synchrony occur during cognitive processing, distinguished by emergence of fast oscillations in the gamma frequency range. To determine whether the development of high-frequency brain oscillations can be related to the development of cognitive abilities, we studied the power spectra of resting EEG in children 16, 24 and 36 months of age. Individual differences in the distribution of frontal gamma power during rest were highly correlated with concurrent language and cognitive skills at all ages. Gamma power was also associated with attention measures; children who were observed as having better inhibitory control and more mature attention shifting abilities had higher gamma power density functions. We included a group of children with a family history of language impairment (FH+) and thus at higher risk for language disorders. FH+ children, as a group, showed consistently lower gamma over frontal regions than the well-matched FH− controls with no such family history (FH−). We suggest that the emergence of high-frequency neural synchrony may be critical for cognitive and linguistic development, and that children at risk for language impairments may lag in this process.
Introduction and literature review
Cortical activity in the gamma frequency range (∼30-80 Hz) has been linked in humans and animals to a wide variety of higher cognitive processes including attention [1, 26, 36, 38] , perception [1, 21, 30, 38, 39] memory [1, 16, 18, 21, 31] and language [13, 35] . It has been hypothesized that correlations between the occurrence of higher activity in the gamma frequency range and cognitive performance (as observed in human subjects using EEG and MEG recordings) reflects increased synchronization of neural ensembles important for cognitive processing [37] [38] [39] . Specifically, synchronization of neuronal firing, often associated with gamma frequency oscillations [12, 46] , appears to be critically involved. Also consistent with a functional role for synchronized oscillations, is the observation that increases in gamma power are closely related to arousal and attention [14, 20, 39] . In addition, gamma oscillation seems to be developmentally regulated. EEG studies in 3-12-yearold children that examined fronto-polar, central, and occipital scalp locations showed that gamma power increased significantly across age, most strikingly over frontal regions [42] . As a child matures, activity in the lower frequency bands decreases and faster waveform activity increases [9] . Importantly, EEG power indices of children that significantly deviate from this pattern seem to reflect distinct differences in the maturational time course of brain development [26] .
In humans, cognitive and linguistic abilities show a dramatic developmental burst at around 16 through 24 months that is hypothesized to correlate with a steep increase in synaptic density in relevant cortical regions [8, 24, 34] . Across this time period, young children demonstrate striking increases in language, cognitive and motor skills [2, 17] . This developmental stage is also characterized by major changes in forebrain organization including continuing maturation and myelination of temporal and frontal areas and elaboration of the extensive cortical and subcortical circuits that may subserve coordinated high-frequency activity [33, 34] . However, the substrates of gamma activity in the developing brain and the potential role of gamma bursts in infants are just beginning to be studied [10, 29, 40] . In adults, recurrent thalamocortical and corticothalamic activity is thought to underlie organization and maintenance of gamma-band activity [37] , and in particular seems to provide for precise timing and integration of neural activation and binding of basic sensory input [28] . Such activity appears to have a role in synchronizing sub-processes in neural networks [27, 28] . Even in adults, very few studies have examined resting EEG and gamma-band power. There is evidence, however, that in adults diagnosed with Alzheimer's Disease [22, 25] or Parkinson's Disease [6, 41] , decreased gamma power correlates with poorer cognitive performance. Thus the defining temporal and power density characteristics of the EEG, that reflects these underlying neural synchronies, are increasingly of interest [14, 36, 39] , but again have been rarely studied in infants. Such information is of particular relevance given recent findings that strongly suggest that temporally precise processing abilities in young infants are crucial for normal language development and that deficits in such abilities are a reliable marker for later language disorders [4, 5, 7] .
Several previous studies have examined EEG power in the gamma band in infants, but these studies have focused on the appearance of task-induced oscillations [10, 29, 40] . For example, Csibra et al. [10] have shown that illusory contours (Kanizsa squares) induced gamma-band (∼40 Hz) oscillations in 8 montholds. While the infant brain is capable of producing task-induced gamma, to our knowledge, no study to date has evaluated the maturation of gamma power during resting EEG in infants under the age of 3 years, or its relation to cognitive development.
Thus, the present study examined individual differences in the distribution of power spectra across the scalp during dense array EEG collected during spontaneous (resting) EEG epochs, in relation to cognitive ability. Such data begin to address the question of whether there is an association among power in the various frequency bands (and in particular for the gamma range), age of child, and cognitive and linguistic performance. As we were also interested in the possibility of group differences in the distribution and strength of power spectra as a function of infant risk status, two groups of participants were included: infants at greater risk for language-based learning impairment (LLI) as a function of a family history of LLI and well-matched control children with no such familial history. All were comparably healthy, full-term infants, with the exception that the FH+ children had a documented family history of LLI. All children were also assessed at 16, 24 and 36 months of age with a battery of behavioral, cognitive and linguistic measures.
Materials and methods
The studies described here have been reviewed and approved by the Institutional Review Board of our University and have therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Informed consent was obtained from all parents prior to their child's inclusion in the reported studies.
Subjects
Participants included a total of 63 children comprised of two groups based on parental report of family history of specific learning impairment (SLI): family history positive (FH+) and matched control children (FH−). The FH+ group consisted of 22 normal birth-weight infants (Males = 12) with at least one nuclear family member (either an older sibling or a parent) diagnosed with language-based learning impairment. Families were recruited from Newark, and surrounding New Jersey suburbs. All were healthy, full-term, infants, with the exception that they had a documented family history of LLI (questionnaire and/or interview data) in a firstdegree family member [4, 7] . The FH− group consisted of 41 infants (Males = 19) with no reported family history of SLI or of dyslexia, attention deficit disorder, pervasive developmental disorder, or autism. (See [4, 7] for further descriptive data on sample characteristics.)
Socioeconomic status
Parental socioeconomic status (SES) was determined using the Hollingshead Four Factor Index [23] . Analyses revealed that 85% of the families reported being in the highest social strata (e.g. medical professionals, lawyers and upper level managers) while the remaining 15% were from the middle social strata (e.g. mid-level managers, small business owners).
The children included in the present study were participating in a larger longitudinal study examining the association between early processing of auditory information and language development [4, 7] . For the present study, EEG was recorded for 22 children at 16 months, 23 children at 24 months and 18 children at 36 months. All children also received an age-appropriate battery of behavioral, cognitive and linguistic measures. The measures used are described below.
Measures

Behavioral assessments
Language abilities were assessed using the Preschool Language Scale-3 (PLS-3) [48] . The PLS-3 provides age-normed language scores for children from birth to 7 years of age and was administered in the laboratory at 16 and 24 months of age. The PLS-3 assesses receptive (Auditory Comprehension) and expressive (Expressive Communication) skills. The measure yields standard scores (Mean = 100, S.D. = 15) for the subscales as well as a Total Language Score. In the analyses that follow the Auditory Comprehension and Expressive Communication subscale scores were used.
Cognitive outcomes were assessed with the Bayley Scales of Infant DevelopmentMental Development Index (MDI) [3] at 16 and 24 months. The MDI consists of a range of items, administered according to age, assessing various cognitive abilities such as search, social interaction, imitation, vocalization, and puzzle completion. The scale provides a standardized score with a mean of 100 and a standard deviation of 16 points.
At 36 months the children were assessed with the Stanford-Binet Intelligence Scale, Fourth Edition [44] . The following subtests were administered: Verbal Reasoning, Abstract/Visual Reasoning, Quantitative Reasoning, and Short-Term Memory. Scores are reported as subtest standard age scores (SAS: mean = 50, S.D. = 8) and composite standard scores (Area SAS: mean = 100, S.D. = 16).
Toddler temperament was assessed using a 144-item parent report measure (Toddler Behavior Assessment Questionnaire, TBAQ) [19] . The TBAQ measures the following dimensions of temperament: activity level, pleasure, social fearfulness, anger proneness, interest/persistence, inhibitory control and attention shifting.
Mother-infant interaction at 16 and 24 months was coded from a 15-min play session using the Parent/Caregiver Involvement Scale, P/CIS [15] . Dyads were coded along three parenting dimensions: amount of involvement, quality of interactions and the developmental appropriateness of interactions for each of 11 parenting behaviors: physical involvement, verbal involvement, responsiveness, play interaction, teaching, control of child's activities, directiveness, relationship among activities, positive and negative emotions, and goal setting.
EEG assessment
Data were collected at 16, 24, and 36 months of age for the two subject groups: FH+ and FH−. EEG was recorded from 62 scalp sites using the Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, OR) in order to examine spontaneous changes in each child's brain electrical activity. Following the placement of EEG electrodes on the scalp, the children participated in a passive auditory oddball procedure containing two blocked stimulus conditions separated by a 3-min epoch of resting EEG. At the break between the first two stimulus blocks, when no stimuli were being presented, a 3-min block of EEG was collected while the child quietly played on the parent's lap. The 3-min resting EEG was taken for analyses for the present study. The entire EEG session lasted about 50 min.
The raw EEG data were sampled at 250 Hz and filtered offline at 1.5-57 Hz. Artifacts including eye blinks and muscle movements were identified by visual inspection and Independent Component Analysis (ICA) and removed from the EEG data. During the data processing and analyses described here, there was no way to tell which individual subject was from which group. After processing the data were separated by group (FH− controls and FH+). When examined post hoc, there were no differences between groups in the number and type of artifacts removed. The data were re-referenced by whole head average algorithm. The artifact-free epochs were submitted to power spectral analysis using Fast Fourier Transform (FFT). The log transform for absolute power was: 10 log 10(x). The frequency distribution of power spectra across the scalp as well as spectra ratios, were computed (e.g. of gamma to theta). Our analyses were of absolute power, but relative power gives congruent results as the lower frequency bands do not differ across children.
Results
Gamma power differences according to family history
Inspection of individual power density plots, representing scalp distributions of power in 9 bins from 5 to 50 Hz for each child (i.e. 5-10, 11-15, 16-20, 21-25, 26-30, 31-35, 36-40, 41-45 , and 46-50 Hz), labelled by group after the data processing described, revealed significant variability among subjects in both FH+ and FH− groups, specifically over frontal and prefrontal areas. Power density appeared to be lower for a subset of these children, primarily over frontal regions, beginning at about 31-35 Hz. On closer examination, approximately two-thirds of the FH+ group appeared to show lower frontal/prefrontal power with only about 10% of FH− control children showing a similar power distribution. Focused analyses were then performed only on prefrontal and frontal channels (See Fig. 1 for channels analyzed.) A continuous power density function (averaged across all the prefrontal and frontal electrodes shown in Fig. 1 ) was generated for each child. As seen in Fig. 2 , where red lines represent FH+ subjects and blue lines indicate FH− control children, the power density functions show clear group differences across power spectra that increase across age. To statistically evaluate differences in band power in frontal and prefrontal areas, Group (FH+ vs. FH−) by frequency band (5-30 and 31-50 Hz) analyses of variance (ANOVA) were calculated using the Kruskal-Wallis test; the 31-50 Hz band was considered representative of the gamma range. The two groups significantly differed for frequencies within the gamma range at both 24 and 36 months; however, the data only approached significance at 16 months (at 31-50 Hz, p = 0.08). No group differences were seen at the lower frequencies (5-30 Hz) at any of the three ages. Fig. 3A and B illustrate the sample characteristics and summarize the ANOVA results at 24 and 36 months.
Correlations between mean gamma power and behavior
To examine whether these differences in EEG power correlated with cognitive abilities, Pearson product moment correlations were then computed between mean power in both frequency bands, and performance on a series of behavioral tasks (see Fig. 4A-C) . These included scores for general cognitive measures as well as measures of receptive and expressive language. Positive associations were found between mean power at 31-50 Hz and individual performance on standardized language and cognitive measures (range of rs: rs = 0.52 to 0.75, ps = 0.001 to p = 0.0001). The findings at 24 months, when there is still a large amount of variability in spoken language, include correlations with expressive as well as receptive language; by 36 months, when most children have completed their expressive language burst and there is less variance in spoken language, the correlations are exclusively with language comprehension.
Gamma power was also associated with attention measures as assessed by the TBAQ [19] at 24 months. Children who were observed as having better inhibitory control (i.e. the ability to stop, moderate or refrain from a behavior when instructed), and more mature attention shifting abilities (i.e. more proficient at transferring attention from one task to another when required) had higher gamma power at 24 months: r = 0.44, p = 0.045 and r = 0.48, p = 0.029 respectively. Fig. 4 shows a subset of the correlation coefficients between concurrent mean gamma power and behavioral test scores at 16 months (Fig. 4A), 24 months (Fig. 4B) , and 36 months (Fig. 4C) . The scatter plots in Fig. 5A -C provide a more detailed look at the robust relations seen for 24-month mean gamma power with expressive ( Fig. 5A) and receptive (Fig. 5B ) language ability and between 36-month receptive (Fig. 5C ) language ability and resting frontal gamma. Gamma power was not associated with gender, fine motor abilities, non-attention related temperament characteristics, maternal behavior, parental socioeconomic status or maternal edu- cation. No correlations were significant for mean power from 5 to 30 Hz. We note that the two groups did not differ significantly in SES, parental education levels, parental age, or maternal interaction. Further, examination of the potential effects of differences in arousal levels during the EEG recording suggested that EEG power and infant state were not significantly related. 1 A series of additional analyses were computed on those behavioral measures that were most robustly correlated with resting frontal gamma-band (31-50 Hz) power: PLS expressive language at 16 months; PLS receptive, PLS expressive language and Bayley-MDI at 24 months; and 36 month PLS receptive language as well as Stanford-Binet total composite IQ score. At 16 months, only expressive language ability showed a correlation with resting frontal gamma (p < 0.001). At 24 months both expressive and receptive language were significantly correlated (p < 0.001), and at 36 months, only receptive language was significantly correlated (p < 0.001), general cognitive ability as measured by the Stanford-Binet at 36 months only approached significance (p < 0.06).
Confirmatory bootstrap procedure
Since we had a relatively small number of children, convergent confirmation of the general conclusions presented here was com- 1 One potentially confounding variable was the child's state of arousal during the EEG recording session. In order to ascertain whether the power estimates obtained were correlated to the child's arousal level we examined the routine scoring records collected during the EEG procedure. During the EEG session, child state was noted based on a standard 5-level score ranging from Calm to Restless. Pearson correlation coefficients were calculated between EEG power and the 5-point score. The correlation coefficient of r = 0.21, p > 0.05 suggests that EEG power and infant state during the EEG session are not significantly related. puted using a bootstrap procedure. The bootstrap procedure [11] involves choosing random samples with replacement from a data set and analyzing each sample in the same way as our original data. The range of sample estimates obtained allows us to establish the certainty of the quantity we are estimating. Thus, the bootstrap procedure was calculated on two pairs of vectors, power-PLS-3 expressive scores and power-Bayley-MDI scores, with 1000 times resampling. The histogram of these results is shown in Fig. 6A and B. These findings provide additional support for the reliability of our findings.
Post hoc analysis of electrode-by-electrode scalp correlations
As we had focused on frontal and prefrontal regions based on a qualitative measure (i.e. examination of power topograms), we performed post hoc electrode-by-electrode analyses for all 62 scalp sites to examine which areas were most highly correlated with the behavioral outcomes of interest. The behavioral measures selected for additional analysis were those that were most robustly correlated with resting frontal gamma-band (31-50 Hz) power (see Fig. 4A-C) . To illustrate the scalp regions where mean gamma power correlates with language and cognitive ability, Fig. 7A-D shows a map of the electrode-by-electrode regression coefficients at 24 months for PLS expressive, PLS receptive language and Bayley-MDI ( Fig. 7A and B) , indicating that the correlations are predominately in frontal, and to a lesser extent, temporal regions. Please note that the Bayley-MDI [3] includes a large language component at 24 months and this may explain the stronger correlations seen in the left hemisphere here (Fig. 7B) and for PLS Expressive language (Fig. 7A) . Electrode-by-electrode analysis at 36 months again revealed a frontal location for these correlations, with an apparent left-hemisphere bias for PLS receptive language (Fig. 7D) . Given the multiple electrode sites and behavioral variables, such post hoc analyses must be interpreted with caution since there is an unsolved multiple comparisons issue. However, when viewed as descriptive data these results allow insight into the pattern of correlations seen over the entire head as compared to targeted analysis of the frontal and prefrontal sensors illustrated in Fig. 1. 
Discussion
In summary, resting EEG gamma power was shown to be strongly associated with concurrent language and cognitive skills for all children. Significant correlations with behavior were observed over frontal and prefrontal areas at ages 16, 24 and 36 months. Further, differences between the FH+ cohort and the FH− controls groups in mean gamma power were apparent, with significantly lower mean power density across all ages in the FH+ group.
Recurrent thalamocortical and corticothalamic activity is thought to underlie organization and maintenance of gamma oscillations [37] with spontaneous generation of such high-frequency oscillations involving excitatory pyramidal cells and inhibitory gamma-aminobutyric acid (GABA)-ergic interneurons [47] . Identification of the underlying EEG neural generators that support such activity is difficult, however maturation of thalamocortical and corticocortical circuits may well underlie the emergence of such oscillatory activity across development. Further, in older children (3-12 years), gamma power increases in tandem with maturation of information processing and cognitive function, with a peak shown at 4-5 years of age, especially over frontal regions [42] . We posit that development of cognitive abilities may occur simultaneously with the brain maturation necessary for high-frequency oscillations.
The age range studied (16 through 36 months) is a particularly significant time developmentally. During this period there is a dramatic burst in linguistic and cognitive growth as well as in coordinated motor development. The average number of words understood increases from a mean of 170 words at 16 months, to approximately 500-700 words at 24 months, to about 1000 words at 36 months [2, 17] . In the midst of this "language burst" (between about 16 and 23 months), children typically acquire one or two words per day. Across this developmental period, children are also achieving important concepts like object permanence, engaging in symbolic reasoning (i.e. pretend play and discovering that words can stand for objects) and are beginning to think in increasingly complex ways, such as recalling events that occurred days earlier and understanding cause and effect.
Major changes in frontal and prefrontal cortex are thought to accompany these striking changes in development, specifically steep increases in synaptic density and myelination in relevant cortical regions [24, 33, 34] . This developmental stage during which language is still an "emergent" skill, is also characterized by major reorganization of forebrain including maturation of language-related temporofrontal regions as well as thalamocortical and corticothalamic circuits that may subserve coordinated high-frequency [34] [35] [36] [37] .
Our findings are firmly based within this area of greatest change and reorganization. The results at 24 months, when there is still a large amount of variability in spoken language, include correlations with expressive as well as receptive language. By 36 months, when most children have completed this language burst and there is less variance in spoken language, the correlations are exclusively with language comprehension. Further, significant reductions in mean power density in the gamma range (30-50 Hz) were seen as a function of higher risk for language-based learning disorders. Specifically lower power densities in frontal and prefrontal areas suggest delayed maturation and/or differing recruitment of brain areas. Thus a subset of the children who are at higher risk for language learning impairments (FH+) may lag in the emergence of these neural synchronies critical for cognitive and linguistic development.
The correlations we observed between some aspects of attention as measured by the TBAQ and gamma power were also quite interesting given the accumulating literature that supports attentional modulation of gamma activity (e.g.) [1, 32, 43, 45] and findings that increases in gamma power can be seen as a function of arousal and orienting [14, 20, 36, 39] . For example, Fan et al. [14] analyzed EEG/ERP data collected during an attention network task involving various cuing conditions as to when a visual target would occur. The authors suggest that enhancement in the gamma band arises as a function of activation of the orienting network and emphasize the importance of examining power spectra in addition to ERPs to better understand the temporal characteristics of such attentional networks [14] .
Another recent paper, reporting on findings from subdural electrocorticographic (ECoG) recordings of activity while human subjects performed a selective attention task, concludes that high gamma activity may serve as "an electrophysiological signature of selective attention" [36] . Our findings that 24-month children with higher gamma power in resting EEG also had better inhibitory control and more mature attention shifting seems likely to be more related to alertness-related modulation and orienting, as the children were not performing a specific task. We attempted to rule out differences in the children's arousal levels (see Footnote 1), but more subtle aspects of arousal that are not easily assessed might well play a part in these findings. Potential differences in modulation of attentional networks and the ability to facilitate selective attention are of intense interest in the study of children at high risk for language-based learning disorders. As we are following these children longitudinally, we hope to study further the links between attention, EEG power bands and later outcomes.
Importantly, our results demonstrate that infant cognitive ability correlates with power density functions even in an "idling" brain, suggesting that variation in maturational change in brain structure and connectivity might modulate the emergence of highfrequency oscillatory activity, which in turn might be a necessary condition for optimal progress in cognitive and linguistic function. Examination of EEG power spectra during the first 3 years of life may thus provide a window into the time course of early brain maturation, and serve as an early converging marker of risk for language learning and perhaps other cognitive disorders.
